Although nanowire (NW) alignment has been previously investigated, minimizing limitations such as process complexity and NW breakage, as well as quantifying the quality of alignment, have not been sufficiently addressed. A simple, low cost, large-area, and versatile alignment method is reported that is applicable for NWs either grown on a substrate or synthesized in 
Introduction
Nanowires (NWs) are a promising material for both interconnects and functional device elements in applications such as optoelectronics [1, 2] , electronic devices [3, 4] , sensors [5] , and transparent electrodes [6, 7] . The development of low cost assembly methods that enable hierarchical organization of NWs over large areas is central to the "bottom-up" approach. Furthermore, aligned NWs are required for applications in optical polarization and nanocomputing [8, 9] . Over the past decade, NW alignment has been widely studied and multiple methods have been developed for NW alignment including: microfluidic flow [10] , the Langmuir-Blodgett technique [11] , electric and magnetic fields [12, 13] , bubble-blown films [14] , and contact printing [15] . While this past work has resulted in successful alignment of NWs, there are significant issues that remain to be addressed. Past methods require either complicated fabrication processes, are not suitable for alignment over large areas, require the NWs to be grown on a substrate (contact printing), or can only be used for a subset of nanowire materials (field alignment methods). An alternative method, where NWs are mixed with a polymer and stretched to align the NWs, was developed to overcome some of these drawbacks [16, 17] . However, this method is not applicable for device integration as the NWs are embedded in the polymer and cannot be accessed. Recently, a few reports have deposited NWs on the surface of a plastic substrate, followed by a contraction or stretching of the substrate. This achieves NW alignment by the shear force of the underlying substrate [18] [19] [20] . However, the substrate materials that have been used, polydimethylsiloxane (PDMS) or polyvinylidene fluoride (PVDF) [17] , are elastomers with relatively low stretching ratios, with maximum strains employed being limited to 120%. Consequently, (i) the low stretching ratio means that either high alignment cannot be achieved or multiple transfer/stretching cycles are required
[18] which complicates the process and (ii) if stretched, these substrates return to the undeformed state without an applied force and thus the NWs must be transferred to another substrate while maintaining the stress on the original substrate. Additionally, breakage of the nanowires during stretching or contracting of the substrate is a severe problem that has not been addressed [21, 22] . This latter issue is also problematic for assembly by contact printing and has been addressed by oil lubrication [15] . However, even with lubrication, the assembled NW lengths in that work are still only 50% of their original lengths.
In addition to the aforementioned issues, robust methods to quantify NW alignment are lacking. In many NW assembly papers, the alignment is assessed by measuring the angle of alignment of individual NWs in scanning electron microscopy (SEM) images by hand or through measuring the polarization effect of aligned metal NWs [16, 23] . This is not only time consuming and inaccurate, but in the latter case also limited to metal NWs.
Furthermore, the metric used to assess alignment varies from one study to another, making it difficult to compare the quality of alignment between different studies. There exist a few studies where image processing tools and standardized metrics are used. Unfortunately, however, they either employ the complicated autocorrelation function or they do not sufficiently explain their method in a way that NW researchers can understand and, subsequently, implement [24, 25] .
In this paper we demonstrate a simple, low cost, other ordered elongated structures such as liquid crystalline phases.
Experimental

Nanowire deposition
Silver NWs (AgNWs) dispersed in ethanol were purchased were sonicated in methanol for 30 min and dried in nitrogen.
The NW/polymer solutions were then uniformly dispersed on 3 × 5 cm PVA films using Mayer rod coating (figure 1(a),
Alignment method
The PVA films were immobilized in a vice and slowly stretched to 450% of their original lengths (figure 1(c), (d)).
450% is the manufacturer-specified maximum stretch ratio of the PVA. Larger stretching ratios led to film breakdown and smaller stretching ratios led to inferior alignment [16] . A heat gun set at 140 °C was directed at the substrate to facilitate stretching and prevent shrinkage post-stretching.
Higher temperatures could not be used due to a visible breakdown of the film. Films were stretched at a constant strain rate of 0.002 s -1 along the PVA film machine direction (MD) [29] . This rate was chosen since slower stretching rates did not improve alignment and at significantly higher rates the film deformation was partially elastic (i.e. the films shrunk in length once the stretching force was released which is not preferred).
Lubricant removal
The 
Characterization
To investigate alignment and NW lengths before and after stretching, SEM images were taken of the samples, which were coated with a 10 nm thick layer of gold to prevent electron charging.
Image processing
Image processing is performed using the Python programming language interface to the Open Computer Vision Library (OpenCV) 3 [31]. The image processing method consists of four sequential tasks all implemented using the OpenCV library methods: filtering, thresholding, object detection, and shape fitting.
The filtering task involves removing measurement 
Quantifying Orientation Order
In order to quantify the presence of orientational order, or alignment, of the NWs the use of an alignment metric or set of metrics is needed. In past work [34] the use of an orientational order parameter S, formulated to characterize two-dimensional nematic liquid crystalline phases has been used which ranges from 0 (random alignment) to 1 (perfect
where <> is the statistical mean, and θi is the angle between the average orientation vector (n) and the axis of NW i (mi).
A simple method to compute both S and n simultaneously is presented [35] , which involves computing a tensor order parameter,
and then finding n from the eigenspace associated with the largest eigenvalue λ1 and S = λ1 -λ2, where λ2 is the smaller eigenvalue. This simplified method is used in this work. To be able to compare our alignment results to studies where S is not used, the angular distribution of the aligned NWs was amassed from the image processing data (figure 7).
Results and discussion
Aligning nanowires
More than 85% of the NWs are aligned within ±10° of the stretching direction.
Nanowire transfer
Devices can be made using the aligned NWs directly on PVA. Or, if a different substrate is desired such as PET, the aligned NWs can be transferred as described in the experimental section. 
Comparison to other alignment methods
Very good alignment results can be achieved by many assembly methods such as bubble-blown films and using an electric/magnetic field, but all these methods [12] [13] [14] 
Conclusions
Aligning NWs by stretching PVA is a simple, low-cost, 
